We report an experimental implementation of deterministic preparation and measurement of single-photon twoqubit entangled states, in which the polarization and the spatial modes of a single-photon each represent a quantum bit. It is demonstrated that all four single-photon two-qubit entangled states (Bell states) can be easily prepared and measured deterministically using linear optical elements alone. We also discuss how this scheme can be used for implementing recently proposed single-photon two-qubit quantum cryptography.
INTRODUCTION
Entanglement often refers to multi-particle quantum entanglement which exhibits non-local quantum correlations that are verified experimentally by measuring and evaluating correlations among separatially separated detection events. 1 For example, entanglement between the photons of spontaneous parametric down-conversion (SPDC) is observed in the form of fourth-order quantum interference.
2 It has been shown recently that multi-particle entanglement and quantum interference effects are essential ingredients for quantum information, metrology, lithography, etc..
3-5
Quite recently, "entanglement" of internal degrees of freedom of a single quantum particle is being considered for quantum information processing purposes. Although single-particle entanglement lacks non-locality which results from correlations among spatially separated detection events necessary for a number of quantum applications mentioned above, 6 it nevertheless has shown to be useful for simulating certain quantum algorithm.
7-9
Several experiments in this line have already been carried out.
10, 11
More recently, a deterministic quantum cryptography based on single-photon entanglement has also been suggested. 
SINGLE-PHOTON BELL-STATE: PREPARATION
To prepare a single-photon two-qubit state, we first need to choose two dichotomic variables for a single photon. In this work, one is the polarization qubit in which the basis states are the orthogonal polarization states of the single-photon (e.g., horizontal |H or vertical |V polarization states) and the other is the spatial qubit in which the basis states are two spatial modes of the single-photon (e.g., the photon travels in path a or in path b). 6, 7, 9, 12 The complete basis for the single-photon two-qubit state is given by a set of any four orthonormal states of the photon. For example, {|a, V , |a, H , |b, V , |b, H } forms a complete (product) basis for the singlephoton two-qubit Hilbert space. Preparation and measurement of such states are trivial.
In an alternative basis, the following single-photon Bell-states may form a complete basis, In this work, we report an experimental demonstration of deterministic prepatation and measurement of the "single-photon Bell-states." We also discuss potential difficulties related to implementing the deterministic quantum cryptography using single-photon two-qubit states.
12 Figure 1 shows the outline of the experiment. Figure 1 (a) is the state preparation stage of experiment and Fig. 1(b) is the state detection part of the setup. The single-photon state for this experiment was prepared using type-II spontaneous parametric down-conversion.
13
A 2 mm thick type-II BBO crystal was pumped with a 351.1 nm argon laser and a pair of SPDC photons centered at 702.2 nm were generated. The pump beam was removed by M1 dichroic mirror and one of the photon of the pair was directed to the trigger detector T by a polarizing beamsplitter PBS. The trigger signal signaled that there was one and only one photon in the other output ports of PBS.
14, 16
Just before the second PBS, the polarization of the single-photon was rotated to 45
• by using a half-wave plate HWP oriented at 22.5
• . The photon state after the second PBS is given by,
which is a single-photon Bell-state. The other three single-photon Bell-states can be prepared by using an additional phase shifter φ and polarization rotating half-wave plates θ a and θ b .
Preparation of single-photon two-qubit product states can be done quite easily in this scheme. For example, 0
• HWP angle and θ a = 0 • allows us to prepare the state |a, H . The spatial phase φ is simply not relevant as interference plays no role. In addition, preparation of single-photon two-qubit product states in a superposition basis, which is needed for deterministic quantum cryptography, can be done with ease. 12 The basis states in this case are {|a, +45
• , |b, −45
To prepare, for example, |S, V state, one simply set the HWP at 22.5
The method developed in this work, therefore, allows us to prepare various single-photon two-qubit states, both in product basis and in entangled basis. Automated random switching among different states may be done by replacing all the optical elements with electro-optical devices. 
SINGLE-PHOTON BELL-STATE: MEASUREMENT
We now discuss the deterministic measurement method of the single-photon Bell-states. It is known that complete measurement of two-photon polarization Bell-states requires nonlinear optical effects.
17, 18
A complete measurement of the single-photon Bell-states, on the other hand, only needs interference and linear optical elements.
19
The reason is that entangling two separate photons requires nonlinear optical interactions, but entangling the internal degrees of freedom of a single-photon only requires linear optical elements. Figure 1(b) shows the deterministic single-photon Bell-basis measurement scheme. The scheme can be broken down into three steps. First, the spatial qubit modes a and b are mixed at a polarization beamsplitter. To guerantee that the interference effects remain in effect, the two paths a and b should be kept equal. The polarization beamsplitter then transforms the incident amplitudes as,
The single-photon Bell-states are then transformed by the polarization beamsplitter,
It is quite obvious that a 45
• oriented polarizing beamsplitter (PBS@45 • ) inserted at modes a and b can separate the above states into four distinct spatial modes. Therefore, as a second step, a polarization beamsplitter oriented at 45
• are inserted in each output modes of the polarization beamsplitter which mixes the modes a and b. We then place a single-photon detector at each output ports of PBS@45
• as shown in Fig. 1(b) . The detectors (assumed to be ideal) therefore produce unambiguous signals which correspond to the input single-photon Bell-states. Figure 2 shows the output of the Bell-basis detectors for four different single-photon Bell-states as the input. We can clearly see that the Bell-basis detectors behave as we have expected, that is, for a given Bell-state input, only the corresponding Bell-basis detector produce a signal. The errors shown in the data are due to phase instabilities of the interferometer and imperfect alignment of the optical elements. In addition, |Ψ (±) detectors show slightly lower count rate than |Φ (±) detectors. This is because the coupling efficiencies of each output modes (to the active surfaces of the detectors) are slightly different.
EXPERIMENTAL DATA AND DISCUSSION
We now discuss how the scheme demonstrated in this work may be used for deterministic quantum cryptography. 12 In the proposed single-photon two-qubit cryptography scheme, 12 the receiver must have two detection bases, for example,
We already know that (|B i ) basis detection can be done with ease: polarizing beamsplitters in paths a and b would do the job. For (|B i ) basis detection, the situation is a little bit different since interference is required. We have just seen that Bell-basis detection for single-photon Bell-states can be done deterministically. Therefore, If it is possible to transform the (|B i ) basis states to the Bell-states with one-to-one correspondence in one optical setting, deterministic detection of the (|B i ) states is possible. This is possible by using an additional half-wave plate at each input port of the the polarizing beamsplitter in the Bell-basis detection scheme. If the half-wave plate in path a input is oriented at 67.5
• and the half-wave plate in path b is oriented at 22.5 • , the (|B i ) states are transformed to the Bell-states with exact one to one correspondence just before the polarizing beamsplitter,
|S, −45
• → |Φ (+) , |A, −45
Therefore, with a simple modification of the Bell-basis detection scheme, complete and unambiguous (|B i ) basis detection can be done, see Fig. 3 .
In this scheme, the sender and the receiver are in fact two sub-divisions of a huge Mach-Zehnder interferometer. Since reliable Bell-basis detection depends on interference, the two spatial qubit modes a and b should be free of any phase fluctuations. If, for example, a π relative phase is temporarily introduced between the two spatial modes when the photons are traveling between the two parties, the Bell-state detector will produce an incorrect output. To implement quantum cryptography using single-photon two-qubit states, therefore, phase unstabilities in both qubit modes, i.e., in spatial qubit modes and in the polarization qubit modes, should be removed.
